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Abstract 


In this article, the applications, potential advantages, and challenges of thermal plasma spray (PS) processing for nanopowder production and 
cell fabrication of solid oxide fuel cells (SOFCs) are reviewed. PS processing creates sufficiently high temperatures to melt all materials fed 
into the plasma. The heated material can either be quenched into oxide powders or deposited as coatings. This technique has been applied to 
directly deposit functional layers as well as nanopowder for SOFCs application. In particularly, low melting point and highly active electrodes 
can be directly fabricated on zirconia-based electrolytes. This is a simple processing technique that does not require the use of organic solvents, 
offering the opportunity for flexible adjustment of process parameters, and significant time saving in production of the cell and cost reduction 
compared with tape casting, screen printing and sintering processing steps. Most importantly, PS processing shows strong potential to enable the 
deposition of metal-supported SOFCs through the integrated fabrication of membrane-electrode assemblies (MEA) on porous metallic substrates 
with consecutive deposition steps. On the other hand, the application of PS processing to produce SOFCs faces some challenges, such as insufficient 
porosity of the electrodes, the difficulty of obtaining a thin (<10 um) and dense electrolyte layer. Fed with H3 as the fuel gas and oxygen as the 
oxidant gas, the plasma sprayed cell reached high power densities of 770 mW cm~? at 900°C and 430 mW cm? at 800 °C at a cell voltage of 0.7 V. 
© 2007 Published by Elsevier B.V. 
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1. Introduction 


Solid oxide fuel cells (SOFCs) are highly efficient devices 
that can convert fuel electrochemically to electricity, with neg- 
ligible pollution emissions [1]. SOFCs have the potential to 
oxidize a wide range of readily available fuels, including renew- 
able biomass fuels such as alcohols, and hydrocarbons such as 
natural gas. Consequently, they are an obvious choice for more 
efficient utilization of existing energy resources. They can be 
used for electrical power and heat generation with low environ- 
mental pollution and greenhouse gas emissions [2]. However, 
there are some challenges still to be overcome before widespread 
commercialization of SOFCs will take place, primarily involv- 
ing the high costs of materials, manufacturing, and systems as 
well as insufficient reliability and durability of the stacks. 

PS processing is a well established and proven technology, 
which is already in widespread industrial use for a variety of 
applications due to the low cost and simplicity of the processes. 
For example, PS processing can deposit thermal barrier coatings 
(TBCs) to insulate metallic components of diesel engines or gas 
turbines so that they can be operated more efficiently at higher 
temperatures, with increased resistance to oxidation [3]. PS pro- 
cessing is also used for the manufacture of coatings to improve 
wear resistance and mechanical properties [4]. Although signif- 
icant challenges remain in the development and implementation 
of PS processing for the production of SOFCs, substantial poten- 
tial exists for both cost and performance benefits, compared to 
the use of traditional wet ceramic processing techniques. In this 
review, the advantages of PS processing and its application for 
production of powders, functional components, and integrated 
SOFC layers are summarized, and the potential advantages 
and challenges of PS processing for SOFC fabrication are 
presented. 


2. Principle of plasma 


The PS process is an industrially well-established line-of- 
sight surface coating technique that was developed in the 1960s 
[5]. The technique utilizes plasma created by high-voltage elec- 
trodes to partially or fully melt particles that traverse the plasma 
jet and are deposited on a substrate [6]. Anode nozzle exit 
velocities are typically on the order of 900-2000 ms~! [7,8]. 
Plasma jet temperatures generally vary between 7000K and 
20,000 K [9]. Consequently, all known inorganic materials can 
be deposited, as the melting temperatures Tm all lie below the 


plasma jet temperature. Due to the high-process temperatures, 
materials with a small (<300 K) difference between Tm and the 
vaporization temperature Tvap or decomposition temperature 
Tą tend to vaporize or decompose, leading to low deposition 
efficiencies [10]. Low deposition efficiencies can result from 
high vaporization rates of the deposited materials, from mate- 
rial rebound, which occurs when the particles have only partially 
melted or resolidified prior to impact, or from the parameters 
of the deposition. The deposition efficiency decreases with an 
increase in plume spread or with rotation of a planar sample 
holder. The spraying distance and the jet velocity affect the 
residence time in the plasma, which determines whether the 
materials have been sufficiently melted before reaching the sub- 
strate, or are already resolidified, leading to rebound. 

If the particles have resolidified prior to impact, they will 
mostly bounce off the surface. If they have decomposed or 
evaporated, they never reach the surface. If they are still liq- 
uid, they impact on the surface, where they flatten to form a 
splat by spreading at a rate of about 15-25 ms~! [11]. Cooling 
rates greatly depend on the substrate heat conduction and surface 
topography, and lie in the range of 10° K s7! to 10’ Ks7!, sim- 
ilar to the rates achieved in liquid quenching [11,12]. Coatings 
are formed by the consecutive build-up of impacting coating 
material splats [13]. Fig. 1 depicts the splat formation and 
also gives an indication of the average time needed for each 
process [10]. The rate of layer deposition is mainly deter- 
mined by the time it takes for subsequent splats to impact on a 
surface. 

The process is a line-of-sight process. Consequently, com- 
plex geometric shapes can be difficult to coat, or may require 
specialized robots as an operator. Substrate holder rotations can 
only ease these restrictions to a limited degree. Since coatings 
are applied layer by layer, there is no limitation to the substrate 
area, and the procedure is easy to scale up compared to wet 
ceramic processing. 

Standard plasma gases are N2, H2, Ar, and He and combina- 
tions thereof. The differences in gas energy density at different 
temperatures stem from the properties of the gases. For example, 
hydrogen and nitrogen dissociate at relatively low temperatures. 
Whereas helium does notionize below 13,000 K, nitrogen under- 
goes dissociation and ionization at approximately 10,000 K. At 
13,000 K, nitrogen can supply about six times more energy than 
an equal volume of helium. In the case of dissociating molecules, 
large amounts of energy can be supplied by re-association of the 
molecules without significant changes in temperature. 
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Fig. 1. Splat impact and solidification on a substrate, with the time each process takes on average [8] (with reproduction permission from Professor Fauchais). 


Diatomic nitrogen dissociates into free atoms: 

N2 + energy > 2N (1) 
With further increase in energy input, the gas ionizes: 

2N + energy —> 2N* +2e7 (2) 


The reverse process provides the energy for heating the coat- 
ing material during spraying: 


2Nt +2e7 —> 2N + energy > N> + energy (3) 


Reversible dissociation of diatomic gases results in higher 
energy content per volume when compared to monoatomic 
gases. Consequently, they have a lower plasma temperature, but 
can much more readily transfer the energy to particles traveling 
through the plasma. 

In order to start the plasma in the torch, the gas must be ion- 
ized. This is done by applying a voltage to the gas. Above a 
certain breakthrough voltage, electrons are extracted from the 
atomic core and the gas becomes ionized. The more energy nec- 
essary for the first ionization of an atom, the more difficult it is 
to start the plasma, and the higher the breakthrough voltage. 

Nitrogen is one of the main gases used in thermal plasma 
spraying. It is the cheapest of the four standard PS gases, and is 
generally inert, except when sprayed with nitridization sensitive 
materials such as Ti alloys [14]. It readily absorbs energy, with 
the potential to transfer that energy to the feedstock as described 
in Eq. (3). The plasma color of nitrogen is yellow, and the first 
ionization energy is 14.53 eV. 

Argon is the most used primary plasma and shroud gas. It 
is a noble gas, and inert to all spray materials. Argon creates 
relatively low temperature plasmas. It is used either solely or 
in mixtures with other gases to increase its energy and has low 
heat conductivity. Argon is the easiest gas to form plasma, and 
tends to be less aggressive on the spray equipment, electrodes 
and nozzles than either nitrogen or hydrogen. For that reason, 
most plasma torches are started using pure argon, and then the 
composition of the plasma gas is changed as required. Pure Ar 
has a blue plasma color, and a first ionization energy of 15.75 eV. 

Hydrogen is mainly used as a secondary gas, usually to a 
maximum of 20 vol.%. It increases heat conduction even in 
low concentrations (<5 vol.%) and acts as an anti-oxidant. Pure 
hydrogen produces a red plasma and has an ionization energy 
of 13.60 eV. 

Helium is also mainly used as a secondary gas. Being a noble 
gas, it is inert to all spray materials and is used when hydrogen or 


nitrogen additions have disadvantageous effects. Like hydrogen, 
helium possesses good heat conduction. It is commonly used for 
high-velocity plasma spraying of high-quality carbide coatings, 
for which process conditions are critical. However, it is also the 
least abundant gas and the most expensive. It is usually only 
used if there are chemical reactions between hydrogen and the 
feedstock material. The first ionization energy is the highest of 
all elements, 24.58 eV. 


3. Nanopowder synthesis for SOFCs 
3.1. Nanopowders for SOFCs 


Current developmental targets for SOFCs include increased 
volumetric power density, lower operating temperature, 
increased reliability and durability, and reduced cost. In response 
to these goals, the need for materials with improved physi- 
cal and mechanical properties for demanding applications is 
becoming increasingly apparent. Advances in powder-based 
processing have been focused on reducing particle size and 
improving the particle uniformity. Nano-scale powders, approx- 
imately 1-100 nm in size, are becoming increasingly critical to 
the innovations in numerous applications, including catalysis, 
coatings, cosmetics, electronics, sensors, and drug delivery. 

Nanopowders offer controlled functionality, increased reac- 
tivity, and a number of other advantages over coarser materials, 
such as higher surface area, catalytic activity, and sinterability. 
Prospects for further commercialization into diverse areas such 
as automotive and aerospace components and textiles are also 
excellent, although these applications currently form a relatively 
small market for nanopowders [15]. New powder production 
methods promise to further improve the capabilities to control 
particle morphologies and minimize particle sizes. 

Nanomaterials in particular are of considerable interest for 
use in SOFCs due to their potential to increase the surface area of 
active sites on which the electrode reactions take place, thereby 
improving reaction kinetics. There is a demand to decrease the 
SOFC operation temperature in order to improve the system 
reliability, durability, and cost. One problem created by reduced 
operation temperature is the decreased electrode reaction rate, 
which may result in large polarization losses. SOFC electrode 
reactions occur mainly at the interfaces between phases that con- 
duct oxygen ions, gases, and electrons, commonly referred to as 
triple-phase-boundaries (TPBs). Therefore, an extended reac- 
tion surface area with an optimized porous microstructure will 
enhance the electrode performance. Mixed ionic and electronic 
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Fig. 2. Schematic diagram of a plasma spray system for nanopowder synthesis. 


conductors (MIECs) can be used to enlarge the reaction sur- 
faces to the entire electrode particle surface, thus significantly 
improving the electrode reaction kinetics [16]. In addition, nano- 
materials with dimensions down to the atomic scale (10~? m) 
represent a new generation of advanced materials with improved 
physical, chemical and mechanical properties [17,18]. A feature 
of such nanomaterials is the high fraction of atoms that reside at 
grain boundaries and grain surfaces, largely enhancing the chem- 
ical activity. Nanostructured materials provide unprecedented 
opportunities for significantly improved materials performance 
[19-22]. Nanostructured materials also have the enhanced elec- 
trical conductivity that is required for SOFC components, either 
ionic or electronic conductivity [23]. Nanoscale electrolyte pow- 
ders can be sintered at decreased temperatures [24] compared 
with micron-scaled powder to avoid the chemical reactions 
between different components at high-sintering temperatures. 
Such lowered sintering temperatures are of great importance for 
the one-step sintering fabrication of an entire single cell [25]. 
Moreover, low sintering temperature leaves more porosity and 
more active sites (higher surface area), which accelerates gas 
diffusion and electrochemical reactions on TPBs. Nanopowders 
are expected to facilitate thin-film deposition of dense electrolyte 
layers to decrease ohmic losses and polarization losses. 


3.2. Nano-powder production by PS processing 


PS processing has inherent advantages in the production of 
advanced materials in the form of coating of powders. Plasma 
techniques offer a controllable and directional heat source. 
Plasma temperatures are much higher than achievable by using 
fossil fuel combustion, and are sufficiently high to melt or dis- 
sociate any compounds fed into the plasma, to melt or vaporize 
virtually all elements, and to potentially allow the reactions 
between feedstock materials to take place in the gas phase. 
These high temperatures, along with the chemically reactive 
species formed in the plasma, may accelerate chemical reac- 
tions by several orders of magnitude. Residence time in the 
high-temperature zone is short and controllable. The ability to 
quench rapidly from very high temperatures produces very small 


spherical particles, typically a few tens of nanometers to a few 
hundred nanometers in diameter. By a suitable choice of plasma 
environments, reactions can take place in an inert atmosphere, 
or a suitable oxidizing, reducing, or other reactive environment. 
Starting materials can be fed into the plasma reactors in gaseous, 
solution, suspension, and powder form. Generally, reactants 
should be chosen to avoid the production of corrosive or toxic 
by products, e.g., metals can be fed as oxides or nitrates rather 
than chlorides. 

Generally speaking, PS processing for nanopowder produc- 
tion includes the following components as shown in Fig. 2: 


. Precursor feedstock and delivery system. 

. Plasma forming and spraying system: plasma forming, 
plasma gas injection nozzle, mixtures of Ar, He, N2, or H? 
as described in Section 1, plasma reaction, plasma outlet. 

3. Powder collection system: nucleation, particle growth, and 

filters, cyclones, or cooled surfaces for particle separation 

from the material flow stream. 


Noe 


These synthesis steps are much simplified compared to con- 
ventional wet chemical routes. The cost is therefore expected to 
be competitive. Different materials including metals, ceramics, 
and composites have been prepared using plasma technology. 
The capability of plasma processing to fabricate nanostructured 
materials has been attracting interest [26-28]. This technique 
has recently been employed as an alternative processing route 
for SOFC fabrication, including component deposition and pow- 
der production. Several researchers have carried out experiments 
to fabricate SOFC components by plasma spraying, and estab- 
lished its usefulness as a fuel cell fabrication process [29-45]. 
Table 1 lists some selected nanopowders for SOFC applications. 
It can be seen that the costs for nanopowders from n Gimat Co. 
(former MicroCoating Technologies) using a spray process in 
conjunction with a flame method, are lower than those resulting 
from the non-spray-based methods used at Fuel Cell Materials. 

More recently, there has been an increased interest in using 
PS methods for the synthesis of nanostructured ceramic powder 
materials. Some laboratories have demonstrated the feasibility 
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Table 1 

Price comparison of selected nanopowders for SOFCs 

Powder Average particle size (nm) Price (US$ kg~!) Manufacturer Technology 
50-80 2295 Fuel Cell Materials Unknown 

Yttria-stabilized zirconia (YSZ) <50 1200 n Gimat Co. Combustion chemical vapor deposition 
50-100 2000 TAL Materials Flame spray pyrolysis 
1200 665 Fuel Cell Materials Unknown 

Lais MDO (LSM) <50 On request n Gimat Co. Combustion chemical vapor deposition 


of synthesizing nanopowders directly from liquid precursors, 
such as SUNY Stony Brook [46] and NanoProducts Corpora- 
tion (NPC) [32,33,47]. The researchers found that crystalline 
structure of zirconia changed from tetragonal to monoclinic 
when the particle size increased, thus demonstrating a potential 
use of nanopowder production techniques to control material 
properties other than particle size [46]. NPC has success- 
fully synthesized <20nm powders from precursor solutions, 
including cerium oxide, zirconium silicon oxide, zinc oxide, 
high-purity aluminum oxide, copper oxide, and magnesium 
oxide. NPC claims that their process has been fully scaled to 
tonnes per month quantities with cost-effective prices. Tekna 
Plasma Systems Inc. has licensed from Nanosource Tech- 
nologies for the production and commercialization of TiO2 
nanopowders. 

US Nanocorp has also synthesized SOFC powders by 
plasma spray processing [48]. Fig. 3 shows XRD spectra of 
Lao.4Ceo.602—5 (LDC40) nanopowder synthesized by PS and 
compared with that of the powder prepared by a wet chemical 
route [48]. No obvious difference can be found. In contrast, the 
XRD pattern in Fig. 4 of plasma sprayed Sr- and Mg-doped 
LaGaO3 (LSGM) powder shows that the powder is not a sin- 
gle phase, even after heat-treatments at different temperatures. 
The undesired phases in the LSGM powder from PS process- 
ing are the same as those observed in powder prepared using a 
wet chemical route and annealed at 1000 °C, indicating that the 
reaction was not completed during the plasma processing or the 
wet chemical processing. The melting point of MgO is approx- 
imately 2800 °C, which makes it more difficult to be dissolved 


(a) 


2 Theta /° 


Fig. 3. XRD patterns of Lao.4Ceo.602—5 powders produced by (a) plasma spray 
processing and (b) wet chemical synthesis [48]. 
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Fig. 4. XRD patterns of LSGM powders plasma sprayed and calcined at different 
temperatures [48]. 


into the final solid solution than other dopants with lower melting 
temperatures. Higher energy plasma conditions may be required 
to melt all the component materials in plasma synthesis. Further 
process improvement is therefore necessary for the preparation 
of single phase LSGM powder. Northwest Mettech Corp. and 
Institute of Fuel Cell Innovation (NRC-IFCI) are developing 
a plasma spraying system for nano powder production. Fig. 5 
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Fig. 5. TEM photo of plasma sprayed YSZ powder [49]. 
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gives the TEM photo of as-sprayed 8 mol% yttria stabilized 
zirconia (8YSZ) powder [49]. The YSZ powder shows mostly 
spherical with mean size of about 200 nm. Compared with the 
application of PS for SOFC fabrication, efforts directed at using 
plasma spraying for powder production are still very limited so 
far. 


4. Fabrication of SOFCs 
4.1. Advantages of plasma spray processing 


Traditional wet ceramic techniques based on tape casting, 
screen printing, and co-sintering of layers are the state of the art 
processing methods for the fabrication of SOFC single cells, and 
therefore widely adopted and intensively investigated. However, 
traditional wet ceramic techniques face several problems that 
include but are not limited to the following items: 


(1) Multiple separate instruments, such as an extruder or tape- 
caster, screen-printer, and one or more furnaces are required 
for the multiple steps of the wet ceramic technique. 

(2) High-temperature firing leads to a substantial and rapid 
increase in capital costs as the volume of cell production 
increases due to the long processing time and the need for 
enlarging production rates through the use of parallel pro- 
duction lines. Approximately 1 day is required for each 
firing cycle, in addition to the drying time required after 
each wet deposition process prior to the fabrication of subse- 
quent layers. Even for cells in which the anode, electrolyte, 
and cathode are all co-fired in one step, the throughput 
of the process is limited by the time required to ramp the 
deposited layers to and from a high-sintering temperature 
and hold them there for sufficient densification times, or by 
the availability of multiple large firing kilns. 

(3) The size enlargement of single cells to more than 
15cm x 15 cmcreates serious problems resulting from large 
total shrinkage or thermal expansion mismatch strain, often 
leading to macro-cracks, severe warping, or cell fracture 
during high-temperature firing steps. 

(4) High-temperature firing steps lead to inter-reactions 
between adjacent cell layers. For example, highly active 
Lnj_ySr,Coj_yFe,O3_3 (Ln=La, Gd, Sm, Pr, etc.) cath- 
odes react with zirconia-based electrolytes, forming 
insulating layers [50], and nickel in Ni anodes reacts with 
lanthanum strontium magnesium gallate (LSGM) elec- 
trolytes to form non-conductive layers [51]. 

(5) Some novel anode materials for direct hydrocarbon oxi- 
dation, such as those utilizing copper as an electronically 
conducting phase, cannot be sintered at the high tempera- 
tures required for electrolyte densification (1300-1450 °C) 
due to low melting temperatures, resulting in the impossibil- 
ity of co-firing the electrolyte together with these electrode 
materials. 

(6) High-temperature sintering generally precludes the use of 
metallic interconnect layers as the structural support for the 
SOFCs, unless impurities are added to lower the electrolyte 
sintering temperature, which can negatively impact perfor- 


mance, and inert, vacuum, or reducing atmospheres are used 
during firing, which substantially increases the process cost. 


In contrast, PS processing potentially provides a much simpli- 
fied and cost-effective choice for fabricating SOFC components 
and integrated cells. Low melting point and highly active elec- 
trode materials can be deposited directly onto zirconia-based 
electrolytes without detrimental inter-reaction. PS processing 
allows the entire multilayer SOFC to be processed in a consecu- 
tive spray process using only one piece of equipment and within 
a few minutes. PS processing also has the ability to achieve con- 
siderably higher deposition rates than those obtained through 
conventional physical or chemical vapor deposition techniques. 
Moreover, PS processing is easily scaled up in terms of indi- 
vidual cell size and volume of production. Plasma spraying is 
also of potential interest for the improved control of composi- 
tion, porosity, and microstructure within the electrodes because 
functionally graded and consecutively adjusted microstructures 
can be easily deposited, which are difficult to realize using wet 
ceramic processing [52]. 


4.2. Anode fabrication 


Generally speaking, coatings deposited by plasma spraying 
have a porosity ranging from 5 vol.% to 15 vol.%, which is much 
less than the desired porosity level of approximately 40 vol.% 
required for high-gas diffusivity within SOFC anodes. Addi- 
tional porosity is produced during NiO reduction to Ni, which 
generally elevates the porosity by approximately 20 vol.%, 
depending on the NiO content in the anode precursor. More- 
over, anode layers can be directly fabricated on porous metal 
supported structures with a thickness as low as 20 um, so that 
the lower porosity is less likely to seriously deteriorate the elec- 
trochemical performance of the sprayed cell, compared to anode 
supported cells. 

PS processing facilitates the deposition of graded layers 
with changes in composition or microstructure as a function 
of distance across the deposited layer. Traditional wet ceramic 
techniques can deposit only discrete layers of a fixed com- 
position and powder particle size distribution. Therefore, if a 
spatial variation in microstructure and composition is desired, 
multiple depositions of discrete layers must be performed to 
obtain the functionally graded electrodes, by utilizing a series 
of different slurry feedstocks. In contrast, PS processing can 
introduce compositional gradients in microstructure in a coated 
layer by spraying the two components from separate reservoirs, 
and gradually changing the relative amounts of each as the 
coating is deposited [53]. Moreover, both the porosity and par- 
ticle surface areas can be controlled during deposition in order 
to obtain microstructures ranging from a high-reaction surface 
area and TPB length near the electrode-electrolyte interfaces 
to a higher porosity near the electrode-interconnect boundary. 
These microstructural gradients can be achieved during deposi- 
tion by varying the spray parameters while building the layers, 
or by changing to a different feedstock reservoir with different 
powder particle size distributions during spraying. Additionally, 
higher electronic conductivity phases for current collection can 
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be deposited at higher volume fractions towards the electrode- 
interconnect boundary. Such compositional gradients have been 
shown previously to significantly reduce thermal stresses caused 
by the changes in operating temperatures, relative to the thermal 
stresses present at the sharp interface between two adjacent but 
dissimilar materials [53]. 

This advantage shows particular potential in the production 
of direct oxidation anodes based on Cu-rare-earth element doped 
ceria (RDC) and Ru/Pd-RDC material systems, due to the higher 
thermal expansion coefficients and the differential shrinkage 
character of those material combinations compared to standard 
NiO-YSZ anodes. Currently, such anodes must be manufactured 
with an even more complex processing procedure than that is 
typically used for SOFCs, usually including repeated infiltra- 
tions and calcinations. As a result, even more processing steps 
have to be used to manufacture these anodes by the infiltration of 
a previously sintered porous anode pre-form [54]. In addition to 
requiring a larger number of processing steps, this technique also 
provides less control over the anode microstructure than con- 
ventional wet ceramic techniques. PS processing dramatically 
simplifies the manufacturing process for these anode layers, with 
or without small quantities of an additional catalyst material, 
such as Co [44]. 

Electron-conducting oxides, such as Laj_;Sr,Crj_ 
Mn,.03_; (LSCM), are regarded as promising alternatives 
for anode materials for direct hydrocarbon electrocatalytic 
oxidation [55]. During co-firing at the temperature range 
of 1300-1450°C, LSCM shows much less shrinkage than 
the YSZ electrolyte, resulting in high porosity and poor 
interfacial bonding with the electrolyte layer, which leads to 
high-interfacial resistance and polarization losses. Meanwhile, 
LSCM tends to chemically react with YSZ, as do other 
advanced perovskite electrode materials. Atmospheric PS 
(APS) has been used to deposit (La, Sr)CrO3_5 anode materials 
on YSZ substrates [56], which suggests that PS may have the 
potential to fabricate LSCM layers on metallic supports or on 
YSZ electrolytes with suitable porosity and good interfacial 
bonding. 

Plasma spraying has also been used to fabricate anodes in 
tubular cathode-supported SOFCs [57-59], including spraying 
performed in atmospheric conditions. It has been suggested that 
for tubular cells, PS processing may be too complex and there- 
fore expensive to implement, despite the potential advantages 
described in Section 3.1 [60]. However, this assessment was 
based on a manufacturing process that included PS as one of 
several steps, including high-temperature firing steps, and so 
the primary cost and material advantages of PS, resulting from 
eliminating high-temperature sintering steps altogether, was not 
realized when combining PS with additional wet ceramic and 
firing steps rather than replacing those steps with a fabrication 
process based entirely or primarily on PS. On the other hand, 
a PS-based process, when combined only with low-temperature 
firing steps that do not exceed inter-reaction temperatures of the 
component materials nor rapid oxidation temperatures of metal- 
lic interconnect supports, may also provide some benefits even 
though additional processing steps may be required in that case 
[61]. 


4.3. Electrolyte fabrication 


Co-sintering of electrolyte and electrodes is usually limited 
by high-temperature reactions between perovskite electrodes 
and cubic zirconia-based electrolytes, or between nickel in 
anodes and LSGM-based electrolytes. Due to the elimination of 
high-temperature firing, PS processing offers a rapid and cost- 
effective method to fabricate electrolytes directly on various 
electrode materials, with all of the layers supported on metallic 
interconnect substrates. 

Moreover, electrolyte layers can be plasma sprayed on 
cathode-supported tubular SOFCs conveniently, thus eliminat- 
ing high-temperature sintering steps which would otherwise lead 
to inter-reactions between the electrolyte and cathode [58-60]. 
Conventional atmospheric plasma spray processing, however, 
results in porous and lamellar microstructures (5—15% poros- 
ity), which in turn result in low open circuit voltage and cell 
efficiency or in the need to produce thick electrolytes to min- 
imize open porosity. Deposition of electrolytes has therefore 
sometimes been followed by post-deposition heat treatments in 
order to further densify the coatings, including calcining steps 
and spark plasma sintering treatments [33,62,63]. Various pro- 
cessing improvements are currently being developed to obtain 
more homogenous, denser, and thinner electrolytes through the 
use of fine powders, slurry spraying, or reduced pressure dur- 
ing spraying, in order to minimize or eliminate the need for 
post-deposition heat treatments. 


4.3.1. Atmospheric plasma spraying of electrolytes 

Atmospheric plasma spraying (APS) has been widely 
investigated for the production of dense electrolyte layers 
(29,32,33,62,64—70]. It is difficult to fabricate dense electrolyte 
layers by single-step deposition by PS. Although some post- 
deposition heat treatments, such as spark plasma sintering [62], 
high-temperature vacuum sintering [66], and chemical impreg- 
nation densification [61,67], can improve the electrolyte density 
and alleviate the gas leakage, these post-spraying treatments 
increase the process complexity. For example, high-temperature 
vacuum sintering requires a complex furnace and firing at a 
temperature as high as 2000 °C, while the impregnation densifi- 
cation generally requires repeated cycles of wet coating, drying, 
and firing. 

Another major challenge in the development of dense elec- 
trolytes through APS is the avoidance of cracks, typically 
generated during the spraying process [64]. The major influ- 
encing factors are the particle properties in the plasma jet, the 
substrate temperature, the movement of the gun during deposi- 
tion, the particle size distribution of the feedstock powder, and 
the powder feeding rate. The spray gun used can also play a 
major role. 

Siemens Westinghouse Power Corporation recently has been 
trying to replace the electrochemical vapor deposition process 
by less expensive APS processing in tubular cells [71]. Cylin- 
drical and flat tubular SOFCs with a high-power density (HPD) 
design are currently produced mainly by APS. The state of 
the art materials used in tubular and HPD SOFCs and their 
respective manufacturing processes are listed in Table 2 [71]. 
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Table 2 
Main raw materials and processing techniques used in Siemens Westinghouse 
SOFC fabrication [71] 


No. Components Materials Processes 

1 Cathode Doped LaMnO3 Extruded and sintered 
2 Interlayer Various Slurry coating 

3 Interconnection Doped LaCrO3 APS process 

4 Electrolyte Yttria stabilized zirconia APS process 

5 Anode Ni-YSZ APS process 


Further efforts are required to obtain higher open circuit volt- 
ages, reduction of operation temperatures, and improvements in 
cell performance. 

LSGM electrolytes have also been deposited on tubular LSM 
substrates by APS. LSM tubes used as SOFC cell support layers 
generally have high porosity, and were found to have low thermal 
shock resistance, and cracked when exposed to a plasma flame 
[71]. Through experimental optimization, this substrate cracking 
or melting problem was eventually solved, obtaining electrolyte 
densities ranging from 93% to 96%, and cell open circuit volt- 
ages (OCV) of approximately 1.0 V [71]. The LSGM coating 
was approximately 200 um in thickness and well bonded to the 
tube with no visible cracks. As shown in Fig. 6a [71], the coating 
is dense and well adhered to the tube substrate. There are still 
some closed pores in the coating. The electrolyte layer shows 
some cracks with a typical length of 10-20 um (Fig. 6b [71]), 
which results in a slightly decreased OCV, requiring a thicker 
layer for gas tightness. Thicker electrolyte layers, however, result 
in lower cell performance due to higher series resistance. The 
cracks are not interconnected, and are believed to be caused by 
overheating. The amount of micro-cracking can potentially be 
reduced to an acceptable extent by further process optimization. 

Fig. 7 shows the crystalline structure of a sprayed LSGM 
electrolyte. Small amounts of amorphous oxides exist in the elec- 
trolyte layer as sprayed, and then disappear after post-deposition 
heat treatment at 800°C [33]. This temperature is much lower 
than the densification temperatures of traditional ceramic pro- 
cessing and, in practice, can be carried out during cell testing or 
operation. 


4.3.2. Suspension plasma spraying of electrolytes 

In order to improve flowability, dry electrolyte powders are 
often fed as large particles with sizes ranging from approxi- 
mately 20-120 um. Some of these large particles cannot be 
completely melted, which results in electrolyte layers thicker 
than 50 um with some pores and cracks. Suspension plasma 
spraying (SPS) is an emerging technology that utilizes a liq- 
uid feedstock carrier, permitting the projection of much finer 
initial feedstock, and allowing the formation of thinner coat- 
ings [41,72,73]. In this process, a feed suspension is injected 
directly into the plasma flame. The plasma-—liquid interaction 
atomizes the suspension into a fine mist and evaporates the sus- 
pension medium, thereby concentrating the solid content into 
micro-sized particles [74,75]. The small particles are nearly 
immediately accelerated to plasma gas velocity. At impact on 
the substrate, the particles form thin lamellae with rapid solidifi- 
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Fig. 6. Cross-section of an LSGM coating on an LSM tube: (a) 500x magnifi- 
cation and (b) 1500x magnification [48]. 
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Fig. 7. XRD patterns of feedstock and plasma sprayed LSGM electrolyte mate- 
rial heat treated at different temperatures [33]. 
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Fig. 8. SEM micrograph of YSZ coatings plasma sprayed in an air atmosphere 
[72]. (a) SPS; (b) traditional APS. (With reproduction permission from IEEE 
Intellectual Property Rights Office). 


cation rates. With a lower solid content of the suspensions, more 
electrolyte particles are completely molten, and a denser coating 
can be deposited. By adjustment of the process conditions, SPS 
processing offers the possibility to control the coating thickness 
and microstructure. Thin electrolyte layers with 3—20 wm thick- 
ness and more refined microstructure than that achieved with 
powder APS can be obtained. Fig. 8 compares SEM images of 
YSZ coatings obtained by SPS and by traditional APS. The coat- 
ing made by SPS processing is much more homogeneous and 
no splat stacking can be observed, in contrast to the traditional 
PS coating, where the presence of a layered splat structure is 
visible [72]. SPS processing can also be used for the preparation 
of LaMnO3 perovskite-based cathodes [76]. 


4.3.3. Small particle plasma spraying of electrolytes 
Small-particle plasma spraying (SPPS) is another evolving 
method that allows the deposition of thin and dense electrolyte 
coatings [77,78]. SPPS is a modified APS technique in which 
a beveled injector allows particles as small as 200nm to be 
entrained into the outer shell of the plasma jet and efficiently 
deposited onto a substrate. The melting point of the electrolyte 
powder, spray distance, total plasma gas flow rate, composition 
of hydrogen in the plasma gas, injector offset, injector angle, and 
carrier gas flow rate can all play an important role in microstruc- 


tural control. Through the use of fine powders, SPPS can produce 
dense YSZ coatings (>98%) with thickness as thin as 5 wm [78]. 
SPS and SPPS are still relatively novel techniques, and have not 
been widely applied for SOFC fabrication. 


4.3.4. Vacuum plasma spraying of electrolytes 

Because pressures as low as 50 mPa reduce the interaction of 
molten particles with surrounding cold gases, thin-films pro- 
duced by vacuum plasma spraying (VPS) typically possess 
higher density than those manufactured by APS, and exhibit 
better substrate adhesion. Additionally, the plasma jet plume is 
less turbulent in VPS, and particle speed reduction from nozzle 
to substrate is less pronounced. Therefore, the reproducibility 
of the resulting layers is improved. Hence, VPS is often used 
for fabricating SOFC electrolytes, where high density, small 
thickness, and flatness are primary requirements. The VPS pro- 
cess can also be adjusted to produce porous NiO/YSZ coatings 
with up to 15% porosity. However, capital and operating cost 
exceed that of atmospheric plasma spraying by approximately 
one order of magnitude. Creating vacuum conditions prior to 
every deposition run and during spraying with a high-gas flow 
rate makes this batch processing technique less favorable eco- 
nomically. Nonetheless, continuous processing can be achieved 
by even higher capital investments to install pre-vacuum cham- 
bers and a continuous line of production. VPS applications are 
discussed in more detail in Section 4. 


4.4. Cathode fabrication 


In wet ceramic processing techniques, some highly active 
cathodes for intermediate- and low-temperature SOFCs, such 
as (La, Sr)(Co, Fe)O3_s (LSCF), cannot be fired in contact 
with zirconia electrolytes due to the appearance of La2Zr2O7 
and SrZrO3 impurities during the firing at high temperature 
(>1000 °C) [79,80]. Insertion of a protective interlayer between 
cathode and electrolyte further increases the complexity of 
cell structure, but successfully prevents inter-reaction between 
cobalt-containing cathodes and YSZ electrolytes. In process- 
ing conditions where a high-temperature firing step is required 
to densify the electrolyte, protective interlayers may be used to 
prevent inter-reaction between the cathode and electrolyte layers 
[81]. 

However, PS eliminates the need for high-temperature sin- 
tering steps entirely, and thus enables the application of highly 
active cathodes such as lanthanum strontium cobaltite (LSC) 
to zirconia-based electrolytes [63] with no additional interlayer 
required. During PS processing, the molten particles in the high- 
temperature plasma flame are quenched down to temperatures 
below 500°C at rates of close to 10° K s~!, sufficiently rapidly 
so that no diffusion-based reactions can take place between the 
sprayed coating layer and the substrate. This benefit leads to the 
potential for improving cell performance while also simplifying 
manufacturing procedures and lowering cost, particularly in the 
development of reduced temperature SOFCs that operate below 
700 °C. Below that temperature, high-performance cathodes are 
particularly beneficial, so avoiding their inter-reaction with the 
fuel cell electrolyte layer becomes particularly important. 
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In traditional wet ceramic processing, highly specialized 
electrode powders with suitable phase structure and fine par- 
ticle size and inks with suitable viscosity are preconditions to 
obtaining high-oxygen reduction activity in the electrode. In the 
case of PS processing, however, a much wider range of precur- 
sors, such as perovskite powders [82], liquid mixtures of metal 
carbonates and metal nitrates [83], suspensions [84], or nitrate 
solutions [85], can all be adopted as spraying precursors. In order 
to obtain suitable electrode microstructures, pre-processing such 
as suspension formation and ball milling can be conveniently 
coupled with PS processing by a micro-flow pump. The overall 
fabrication process is thereby simplified, by omitting separate 
wet chemical synthesis steps. 

Highly active cathodes are generally composed of three func- 
tional layers: electrochemically active layers with fine grain 
size and good interfacial bonding, diffusion layers with large 
open porosity, and current collecting layers with high-electronic 
conductivity. As in the case of anodes, functionally graded or 
multi-layered cathodes with variations in microstructure and 
composition are used to increase electrochemical and mechani- 
cal performance. Although traditional wet ceramic processing is 
capable of fabricating these complex electrodes layer by layer, 
the total process time and cost are high due to repeated coat- 
ing, drying, and firing. PS processing offers a simple alternative 
processing technique to fabricate graded or multi-layered struc- 
tures by the adjustment of the relative flow rates of different 
feedstocks and of the spraying parameters during coating. Func- 
tionally graded cathodes with thicknesses of 40-80 um can be 
realized by PS processing. The spraying conditions are ideally 
selected to deposit the total cathode thickness within five to 
six layers, each of approximately 10m in thickness. Func- 
tionally graded cathodes have been prepared and show better 
electrochemical performance compared with traditional com- 
posite cathodes [30]. 

Despite these potential advantages, PS processing tends to 
result in fairly dense cathodes with 5-15 vol.% porosity [86]. 
Due to its higher melting and boiling points, YSZ can prevent 
over-sintering of sprayed LSM cathodes and thereby increase 
the porosity of composite layers [43,45,87,88]. By the intro- 
duction of carbon or other pore formers to the feedstock, the 
porosity can also be increased after the pore formers are burned 
out [31,83]. Fig. 9 shows the effects of pore formers on the poros- 
ity of plasma sprayed cathodes [83]. The higher porosity results 
from the larger volume of void spaces left after pore former 
removal. 

In some cases, needle-shaped single crystals are initially 
formed in sprayed cathodes that then develop into a colum- 
nar microstructure [87]. Open porosity of the needle-shaped 
electrodes offers efficient vertical as well as horizontal gas 
migration paths and short electrical current paths. This com- 
bination of properties is especially advantageous for application 
in SOFC electrodes. A columnar cathode fabricated by PS pro- 
cessing is shown in Fig. 10 [87]. Plasma sprayed LSCF cathodes 
have good contact between the particles, and low polariza- 
tion resistance values [89]. In contrast, screen-printed cathodes 
sintered above 1100°C have larger grains and shorter TPB 
length. 
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Fig. 9. Effect of pore former concentration on the porosity of a plasma sprayed 
cathode: (a) 30 vol.% pore former and (b) 40 vol.% pore former [83]. 


4.5. Interconnect fabrication 


PS processing can be used to rapidly fabricate coatings in 
flexible geometric configurations, thus allowing the deposition 


i T 
DLR-GEMINI: 


Fig. 10. SEM image of a plasma sprayed LSM coating on a substrate [87]. 
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Fig. 11. Microstructure of a heat-treated (1300 °C for 2 h) interconnect [93]. 


of fully dense interconnect strips on a narrow portion of tubular 
cells, which would be difficult to achieve through wet ceramic 
techniques [59,68,90,91]. PS processing is a powerful routine 
to deposit LaCrO3-based interconnects, but plasma sprayed 
interconnects are normally porous, and require a heat treat- 
ment between 1400 °C and 1550°C for densification [92]. Such 
high-temperature treatment is undesirable, due to the significant 
Mn-Cr inter-diffusion between cathode and interconnect, and 
due to detrimental effects on the electrode microstructures and 
on cathode perovskite materials during co-firing of the intercon- 
nects with the other cell layers. A novel PS process with calcium 
aluminate dopant has been developed for the deposition of dense 
LaCrO3-based interconnect layers [93]. The calcium aluminate 
additive can facilitate interconnect densification, most likely 
through the formation of (a) low melting temperature phase(s) 
in the Ca—Cr—Al-O system. Fig. 11 shows an SEM micrograph 
of an interconnect layer that was heat treated at approximately 
1300°C [93]. The interconnect is chemically stable under fuel 
cell operation conditions. 

PS has also been used for the fabrication of coatings on inter- 
connect substrate alloys, to protect them from oxidation and 
to protect the cathodes from chromium evaporation from the 
interconnect alloys [94—96]. Plasma spray processing is a par- 
ticularly useful technique for this purpose, due to the ability to 
coat ceramic coatings that are oxidation resistant and gas tight, 
without the need for any specialized chemical properties of the 
coating precursor materials. The technique can also be used to 
spray coatings on the insides of gas flow channels, provided 
that the channels are sufficiently angled for access to the spray 
stream. 


5. Integrated fabrication of multiple SOFCs layers 
5.1. Integrated fabrication 
The use of metallic substrates as SOFC supports has the 


potential to greatly lower the raw material cost for the stack 
due to the approximately one order of magnitude lower cost of 


stainless steel compared to the NiO and YSZ raw materials used 
for the fabrication of anode support layers. Ceres Power Ltd. 
has reported that a gadolinia-doped ceria (GDC) thin electrolyte 
supported on Ti-Nb stabilized 18% Cr ferritic stainless steel can 
be densified by sintering below 1000 °C in air [97]. Serious metal 
oxidation, however, can be expected. Another processing route 
that avoids metal support oxidation is to use ceramic and metal 
powder processing combined with co-firing on an appropriate 
metal supported structure in a reducing environment [98]. How- 
ever, time-intensive procedures for producing functional layers, 
safety considerations of co-firing in reducing environments, dif- 
ficulty of binder burnout, and serious inter-diffusion of Cr and 
Fe from the metallic substrate and Ni from the anode layer at 
high-sintering temperatures (above 1350 °C) all create obstacles 
for this processing route. 

In contrast, plasma spray processing offers an ideal choice 
to allow the electrochemically active thin layers of anode, elec- 
trolyte, and cathode to be consecutively deposited on a porous 
metallic (or ceramic) support, resulting in integrated fabrica- 
tion of SOFCs. In recent years, Westinghouse has been involved 
in the fabrication of SOFC components through PS processing 
(Table 2) [71,99]. Integrated fabrication offers the potential for 
significant performance improvements because all three elec- 
trochemically active SOFC components can be fabricated in 
thin layers, thus decreasing the ohmic resistance and gas diffu- 
sion impedance. The integrated fabrication on porous metallic 
substrates can be completed within several minutes, with no 
high-temperature post-deposition heat treatment required after 
plasma spraying. One automated plasma deposition torch can 
be used to manufacture a much larger volume of cells in a given 
period of time than with comparable capital equipment invest- 
ments in wet chemical and firing technologies, thus allowing 
the production of SOFCs to be scaled up substantially at lower 
capital cost. This is a significant advantage compared to the wet 
ceramic processing routes, which require long firing times at 
high temperatures. Entire 20cm x 20cm SOFC cells have been 
produced by PS processing at the German Aerospace Centre 
(DLR) [100]. 

Moreover, the deposition efficiency of raw materials 
increases with the enlargement of cell size, since almost all of 
the material is deposited on the cell rather than on surrounding 
equipment for large cell areas. Consequently, the process is also 
very cost effective from a material wastage point of view, due 
to the potential for comparable or even lower material wastage 
compared with wet ceramic processing. Good adhesion between 
adjacent layers and therefore low electrical contact resistance 
can be achieved through PS processing. Using a porous metal- 
lic substrate as the cell support, rather than a brittle ceramic 
layer, also greatly increases the robustness of the stack, which 
is of great importance for auxiliary power unit (APU) applica- 
tions in the transportation industry. The smaller thermal mass of 
metal supported cells compared to ceramic or cermet-supported 
cells also decreases start-up times, another important factor for 
transportation applications. 

Porous metallic substrate supported SOFCs have been suc- 
cessfully fabricated through integrated APS, with only the LSCF 
cathode layer being slurry coated [101]. As shown in Fig. 12 
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Fig. 12. Cell voltage and power density of APS cells with slurry coated LSCF 
cathode as a function of current density. The numbers indicate subsequent coat- 
ing passes [101] (with reproduction permission from Elsevier Ltd.). 


[101], a current density of approximately 700 mA cm~? and 
a power density of 500 mW cm~? at 800°C have been real- 
ized. This technological breakthrough has been achieved by 
optimizing the hot spraying conditions for microcrack-free coat- 
ing deposition. The velocity of the spray gun, which controls 
the local heating of substrate and coating, was also optimized 
in order to avoid substrate deformation and to achieve dense 
microstructures. With this additional optimization step, the 
leakage rates of the coatings could be reduced from about 
5-10 mbar 1 cm~? s for conventionally sprayed YSZ coatings to 
0.02 mbar 1cm~? s. This improvement in leakage rates is shown 
in Fig. 13 [101]. 

A free standing SOFC has been fabricated with a yttrium- 
doped SrTiO} (SYT) anode, LSGM electrolyte, and LSM 
cathode by integrated APS processing. The three active layers 
were plasma sprayed onto an Al foil layer by layer, and the Al 
foil was later removed in a basic solution. Fig. 14 shows a typi- 
cal cross-sectional SEM micrograph of the free standing SOFC. 
The electrolyte layer is very dense, while cathode and anode 
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Fig. 13. Leakage rates of electrolyte coatings [101] (with reproduction permis- 
sion from Elsevier Ltd.). 


Fig. 14. SEM micrograph of a free-standing SOFC fabricated by plasma spray- 
ing [48]. 


are rather porous. Fig. 15 gives the overall performance of a 
SOFC single cell using a nanostructured SYT anode, LSGM 
electrolyte, and LSM cathode. A maximum power density of 
85 mW cm~? was achieved at 800°C. Other factors, including 
the presence of amorphous phases, composition, and porosity of 
anode and cathode need to be considered with respect to future 
improvements of cell performance. 

More intensive investigations have been carried out at DLR, 
where vacuum plasma spraying (VPS) is intensively investigated 
[102-111]. Carrying out the spraying process in low pressure 
atmospheres (50-250 mbar) results in longer laminar plasma 
jets with higher velocities, and reduces interaction with the sur- 
rounding cold gas. Powder that is injected into the plasma is 
accelerated and melted in the fast plasma jet. The coating is 
formed by solidification and flattening of the fast particles at 
impact on the substrate. The velocity and degree of melting of 
the particles can be adjusted by the spraying conditions. This 
enables the fabrication of either very dense electrolyte layers or 
of electrode layers with controlled porosity [102]. 

The main facilities in DLR are three dc plasma installations 
and two radio frequency (RF) plasma installations, as shown 
in Fig. 16 [110]. By applying high-velocity Laval nozzles for 
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Fig. 15. I/V curve of the free-standing cell shown in Fig. 13 [48]. 
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Fig. 16. DLR plasma spray laboratory with de (background) and RF (fore- 
ground) plasma installations [110] (with reproduction permission from John 
Wiley & Sons Canada, Ltd.). 


dc plasma spraying, particle velocities of up to 900ms~! have 
been attained [110]. RF plasma spraying using liquid precursors, 
so-called thermal plasma chemical vapor deposition (TPCVD) 
processing, is increasingly applied, particularly for the forma- 
tion of highly porous cathode layers. Fig. 17 [110] presents 
the principle of the DLR planar thin-film concept of a metal- 
lic substrate-supported SOFC based on PS technology. The 
mechanical strength of the thin-film cell and its excellent elec- 
trical and thermal conductivity are provided by an open porous 
metallic substrate, which also serves as a fuel gas distributor. All 
functional layers of the cell, anode, electrolyte, and cathode, are 
deposited onto the porous metal substrate by consecutive VPS 
layer depositions in a single procedure. The move from a ceramic 
to a metallic substrate support considerably reduces the problem 
of crack formation, offering the possibility for large cell sizes 
and simplified stack design. The development of an appropri- 
ate metallic substrate in cooperation with industrial partners is 
presently a main activity for the realization of the spray concept. 

Fig. 18 [110] shows the cross-section of a plasma sprayed 
SOFC, consisting of a NiO-ScSZ (scandia-stabilized zirconia) 
anode, ScSZ electrolyte, and LSM-ScSZ cathode. All three lay- 
ers were consecutively sprayed onto a porous Ni felt. The cell 
exhibits a dense YSZ electrolyte with lamellar microstructure, 
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Fig. 17. Principle of planar SOFC design according to the DLR spray concept 
[110] (with reproduction permission from John Wiley & Sons Canada, Ltd.). 


Cathode : 30 um 


Electrolyte : 25 um 


Anode : 35 ym 
= 


v: 


j 
« a 
w 

» $% 

< 


AT a ae ee 
3 E E 


Fig. 18. Cross-section of a vacuum plasma sprayed SOFC [110] (with repro- 
duction permission from John Wiley & Sons Canada, Ltd.). 


an anode with a fine open porosity of 21 vol.% after reduction, 
and a relatively coarsely structured cathode with overall poros- 
ity of only approximately 10 vol.%. Fed with Hp as the fuel gas 
and oxygen as the oxidant gas, the plasma sprayed cell reached 
high-power densities of 770 mW cm~? at 900 °C, 590 mW cm~? 
at 850°C, 430 mW cm~? at 800 °C, and 290 mW cm? at 750 °C 
at a cell voltage of 0.7 V, as shown in Fig. 19 [110]. To further 
improve cathode porosity, further development focuses on the 
usage of alternative cathode powders, the application of pore 
formers, and further optimization of the spray parameters [104]. 


5.2. Porous metallic substrates for metal-supported SOFCs 


For the integrated fabrication of entire SOFCs, porous 
metallic substrates act not only as structural support and gas 
distributor, but also have a decisive role in the electrochemical 
performance of the sprayed cells. The substrate development has 
turned out to be a key problem in the plasma sprayed SOFC con- 
cept. Material requirements for the porous metallic substrates 
[100,112] include: 


(1) high-thermal conductivity; 
(2) good corrosion resistance in both oxidizing and reducing 
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Fig. 19. Electrochemical behavior of a plasma sprayed SOFC plotted in an I/V 
graph at different temperatures [110] (with reproduction permission from John 
Wiley & Sons Canada, Ltd.). 
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(3) high-electrical conductivity both of the initial material and 
of oxide scales growing during operation; 

(4) good adhesion of oxide scales to initial material; 

(5) thermal expansion coefficient should be matched to the 
other materials in the stack (~11 x 1076 K~!, between 
30°C and 1000°C); 

(6) good electrical contact with the cell; 

(7) ability to endure thermal cycling; 

(8) high porosity and large holes at the interconnect side for 
gas diffusion; 

(9) homogenous fine pores at the electrode side for better inter- 
facial bonding; 

(10) high strength; 
(11) low cost and easy availability. 


Chromium-based, nickel-based, and ferrite-based porous 
metals have been used as metallic substrates having high- 
electrical conductivity, good porosity, and reasonably matched 
TEC with standard SOFC layers, especially the Ni/YSZ anodes 
[100]. However, no commercially available metal materials 
can completely satisfy all of the criteria listed above. One of 
the promising materials is nickel felt, which shows excellent 
oxidation stability in reducing gas atmospheres. It has been 
reported [112] that the open circuit voltage of the Ni felt sup- 
ported cell is lower than that of the cell with the FeCrAlY 
substrate. The reason might be the higher TEC of Ni (TEC, 
about 16.0 x 1076 K7!), which promotes microcracks in the 
sprayed YSZ thin-film. However, the cell with the Ni felt sup- 
port achieves much higher power densities due to the higher 
electrochemical activity of nickel compared with ferritic steel 
materials, and the disappearance of oxide scales during cell 
operation [109,113,114]. Moreover, the inherent flexibility of 
the felt structure can compensate the TEC mismatch with the 
sprayed cell layers to a certain extent [100]. Recent results 
show that relatively dense electrolyte structures can be fabricated 
[114]. However, nickel felt shows a strong post-processing sin- 
tering effect and is significantly compressed during long-term 
operation, resulting in significant cell degradation. Moreover, 
nickel substrates are more expensive than ferrite-based steel 
foams. 

For most ferritic steels, oxidation is a serious problem 
at SOFC operation conditions and has been widely inves- 
tigated (e.g. [115,116]). For porous metallic interconnects 
acting as substrates for entire cells, the oxidation behav- 
ior is much more complicated and serious because of the 
much higher surface/volume ratio of the porous structure com- 
pared to that of dense interconnects with machined gas flow 
channels. 

The surface roughness of the metallic support layers must 
be considered in the deposition of SOFC layers. The surface 
roughness of plasma sprayed layers is dependent on the sub- 
strate surface roughness, and is also highly dependent on initial 
feedstock particle size and on spraying conditions, particularly 
the extent of melting. By using finer particles during spraying, 
the surface roughness of PS layers can be reduced, even when 
initially deposited on a rougher substrate. 


6. Challenges and conclusions 


Despite the potential benefits that some of plasma spray 
processing can offer, such as the cost-effective production of 
high-performance SOFCs, significant challenges still remain in 
the development of PS processing with respect to the state of 
the art SOFC wet ceramic production techniques. PS coatings 
currently manufactured for common applications such as ther- 
mal barrier coatings typically exhibit porosities in the range of 
5-15 vol.%. For the successful application of PS in SOFC fab- 
rication, this range must be extended down to less than 5 vol.% 
open porosity for dense electrolytes, and up to ~40 vol.% for 
porous electrodes, particularly on the cathode side where no 
post-deposition porosity can be introduced by reduction of NiO 
to Ni, as on the anode side. The process must also be controlled 
to ensure that the phases deposited have the desired crystalline 
structure, avoiding delamination, amorphous structures, and to 
avoid introducing impurities in the raw materials during powder 
preparation, or in the cell during PS processing. Typical in-plane 
splat orientations, although beneficial for tubular cells, are less 
conducive to ideal electrical performance in planar cells due 
to inter-lamellar cracks and pores. Furthermore, manufacturing 
of SOFCs by PS processing will also require procedures to be 
developed that increase product thermal shock resistance dur- 
ing processing. Use of metallic interconnect substrates rather 
than ceramic supports partly alleviates this problem. Optimized 
control of substrate heating and cooling can also minimize 
the effects of thermal stresses during the deposition process. 
Finally, over-spraying should be continuously minimized to 
reduce material waste. A system and procedure for the collec- 
tion and recycling of over-sprayed materials may be required in 
future development. 

While cost and performance of SOFCs remain major barriers 
to their more widespread use, PS processing has the potential to 
drastically reduce these barriers by rapidly increasing produc- 
tion rates and reducing capital equipment, materials, and SOFC 
system costs. Plasma spraying also has the potential to increase 
performance by the use of graded compositions and microstruc- 
tures, and by rapidly solidifying fine microstructures with good 
adhesion to the substrates and no microstructural coarsening 
due to sintering. However, several important challenges have to 
be solved before the full potential of the advantages of the PS 
technique can be realized. Numerous research efforts are cur- 
rently underway to address these challenges, with the goal of 
accelerating the worldwide commercialization of SOFCs. 
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